The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for personal research or study, educational, or not-for-prot purposes provided that:
indicative of slow, deep-seated gravitational deformation) contiguous to its head-scarp, 141
suggesting that there was potential for a further 0.25 km 3 failure towards the proposed road. 142
The proximity of both HHH routes to the Alpine Fault, as well as the steep terrain and 143 number of identified landslide deposits in the region, suggests there is likely to be a high 144 coseismic landslide hazard. Determining the exposure of the HHH to landsliding during an 145 Alpine Fault earthquake is therefore relevant in the context of the proposal to develop the 146 HHH. 147
An Alpine Fault earthquake scenario 148
Using a variety of different methods, including fault trenching, tree coring, landscape offset 149 source earthquake hazard analysis software OpenSHA, which calculates the probability that 161
an Intensity Measure Type (IMT) will exceed some Intensity Measure Level (IML) (Field et 162 al., 2003) . Using data derived from the literature and presented in Table 1 , OpenSHA is 163 used to model the shaking intensity with a 50% exceedance probability (this is the default 164 modelling parameter for MM intensity in OpenSHA (Field et al., 2003) ). The resulting 165 earthquake scenario is shown in Figure 2 . 166
Methods 167

Exposure analysis 168
Landslide risk assessments are a complex task due to the difficulty in predicting landslide 169 occurrence, runout length and direction, debris volume etc. Recent attempts have therefore 170 focussed on evaluating exposure as a function of landslide hazard (Pellicani et al., 2014; 171
Catani et al., 2005)
. Landslide hazard models can be either quantitative or qualitative, but 172 both assess the likelihood of a landslide occurring at any given location throughout the study 173 region from a particular scenario. To do this they utilise raster data in Geographic 174
Information Systems (GIS), with each cell in the raster layer describing the modelled hazard 175 corresponding to its location. In quantitative assessments, the models describe the hazard in 176 terms of either absolute or relative likelihood of a landslide occurring on a scale of 0-1 (or 0-177 To model network exposure from a landslide hazard model, the method must consider not 198 only the likelihood of a landslide occurring, but also its potential to affect the network should 199 it occur. This requires potential landslide runout length and direction to be considered as 200 these factors dictate the area a landslide will affect. Combining runout length and direction 201 therefore defines an area surrounding a network within which any landslide that occurs has 202 the potential to affect the network. In the underlying landslide hazard model, the cells 203 included within this area describe the likelihood of a landslide occurring in each cell, and can 204 thus be used to describe the corresponding exposure. In order to ensure that the cells 205 involved are appropriate i) the cells must be within a maximum specified distance of the 206 network, and ii) the cells must occur in areas where landslide runout has potential to affect 207 the network. The former prevents cells requiring unreasonably large runout distances to 208 affect the network from being incorporated, while the latter precludes incorporating cells 209 within the defined proximity but on slopes facing away from the road (Fig. 3) . 210
Horizon lines (also known as ridgelines) are established at equal intervals along the network 211 using GIS (Fig. 3) . Horizon lines identify the visible horizon for an observer positioned at a 212 defined point on the earth's surface and can be limited to show the horizon at any desired 213 distance (i.e. the maximum considered runout distance, see below). This therefore identifies 214 the region within which any landslide that occurs has the potential to impact the observer, 215 assuming landslide runout is in the steepest downhill direction. Thus it can be used to define 216 the area around any point on a network within which the hazard values of all cells will be 217 evaluated (Fig. 3) . 218
Maximum likely runout distance can be set by the user to represent the maximum distance 219 considered plausible. This distance should be carefully selected so as to avoid ignoring the 220 potential for long-runout landslides, while not overestimating exposure by including cells 221 volume distribution, and found the probability of any given landslide having a volume greater 229 than 1 million m 3 is <10 -7 (1 in 10 million). While volume is not the only factor affecting runout 230 (water content can increase runout distance for instance), this suggests the likelihood of 231 runout distances >1 km is similarly unlikely. Considering distances larger than 1 km without 232 evidence such events are common in the study region therefore risks overestimating the 233 exposure of the network by over-emphasising the possibility for landslides >1 million m 3 . For 234 instance, larger-volume landslides have occurred multiple times historically in New Zealand, 235 and there are particularly large numbers of pre-historic examples in the HHH region ( Fig. 1)  236 suggesting such landslides may be more common here. Nevertheless the likelihood of a 237 landslide >1 million m 3 occurring at any given location in the next Alpine Fault event is very 238 small, and thus is not considered for exposure modelling. 239
Consequently, coseismic landslide exposure is derived from the mean hazard values of all 240 cells within a 1 km horizon line of any given point on the network (Fig. 3) . In order to deal 241 with issues arising from using discrete points on a continuous network, points are selected at 242 a user defined distance (herein every 500 m) along the network and exposures are 243 interpolated between these using the inverse distance weighting (IDW) method within ESRI's 244
Arc GIS (see ESRI, 2015a). The mean value of surrounding cells is used as this best 245
represents the total exposure of the network. Using the maximum hazard cell would 246 represent the highest likelihood of a landslide occurring in the considered region; however 247 this does not necessarily accurately represent the likelihood of a network being affected by a 248 landslide. For instance, consider two sections of the same network; one surrounded by 249 mountains with high hazard on all sides and one along the range-front with mountains with 250 similarly high hazard on one side and flat plains with low hazard on the other. Using the 251 highest observed hazard would suggest both sections are similarly exposed (Fig. 4) , 252 however this ignores the fact that the section within the mountains can potentially be 253 impacted from all sides while the range-front section can only be affected from one side. 254
Using mean cell values accounts for this by considering the low hazard cells also present 255
around the range-front section, thus correctly identifying this section as being less exposed 256 (Fig. 4) . slope angle, proximity to mapped active faults and streams, and slope position had similar 275 effects on landslide occurrence in both events. As slope angle increased from <5°, the rate 276 of landsliding increased dramatically across both environments, with the highest rate of 277 landsliding occurring on slopes >45°. Slope position was assessed with regards to 278 ridgelines, mid-slopes, valleys, and flat ground, with dramatic increases in the rate of 279 landsliding at ridgetops compared to other slope positions, highlighting the importance of 280 topographic amplification (Kritikos et al., 2015) . Slopes in close proximity (i.e. <~1 km) to 281 active faults and stream systems were also found to have a higher rate of landsliding, likely 282 due to increased erosion weakening the rock mass. Finally, landslide density was seen to 283 increase with MM intensity, with a minimum required intensity of MM5 in accordance with 284 observations elsewhere (Keefer, 1984) . 285
These relationships were therefore modelled and combined using fuzzy logic in GIS, under 286 the assumption that similar relationships occur in other environments, such as Taiwan and 287 New Zealand. The resulting output is a map describing the relative probability of landslide 288 occurrence from 0 to 1 on a cell-by-cell basis for the given earthquake scenario. When 289 applied to the 1999 Chi-Chi earthquake, this model achieved >90% success rate despite 290 using relationships derived from different earthquake scenarios (Kritikos et al., 2015) . This 291 suggests that the relationships identified in China and California are also applicable to 292 Taiwan The consequent exposure map for the HHH is shown in Figure 6 . This shows that both the 331 Gorge River and Simonin Pass routes have long sections with large exposure values. The 332 highest observed exposure on the Gorge River route is 0.88, which occurs close to the 333 northern intersection of both proposed routes (Fig. 6) . In total, ~31 km (~20%) of the Gorge 334
River route has exposure values >0.75, of which only a third is on the existing section of the 335 route (Fig. 6) . The highest observed exposure on the Simonin Pass route is 0.89, which 336 occurs ~15 km south of the northern intersection of the proposed routes (Fig. 6) . In total,~40 km (~25%) of the Simonin Pass route has exposure values >0.75, again only a third of 338 which is on the existing sections of road (Fig. 6) . Despite the largest observed exposure 339 values being confined to the middle 20-25% of the routes, exposures of ~0.7 are observed 340 on multiple sections south of Big Bay (Fig. 6) . 341
Applying the exposure analysis method to the entire South Island State Highway (SH) 342 network for the same earthquake scenario (Fig. 7) allows a comparison to be made between 343 the proposed HHH and the existing network. The highest observed exposure on the current 344 network is 0.87 between Franz Josef and Fox Glacier (Fig. 7) , which is lower than the 345 maximum observed on both proposed HHH routes. In total, only 55 km (~1%) of the current 346 SH network (>5000 km) has exposure values >0.75. The HHH would increase this by 56-347 72% while increasing the total network length by just ~3%. Currently, the longest continuous 348 section of the network with exposure >0.75 is a 13 km section through Arthur's Pass (Fig. 7) , 349 which is already widely acknowledged as being at extreme risk to damage/disruption from 350 both coseismic and aseismic hazards (Paterson, 1996) ; however this is only half that of the 351 longest similarly exposed sections of both HHH routes. It appears the HHH would be the 352 highway most exposed to coseismic landsliding during an Alpine Fault earthquake, and 353 would substantially increase the exposure of the entire South Island State Highway network. 354
Discussion 355
Implications for the Haast-Hollyford Highway proposal 356
This study has demonstrated that the HHH would have an extremely high exposure to 357 landsliding during an Alpine Fault earthquake. Much of the South Island's State Highway 358 network was built before the earthquake hazard from the Alpine Fault was fully understood. 359
Consequently, highway links such as Arthur's Pass and SH6 along the west coast have only 360 subsequently been accepted as being at extremely high risk to disruption during an 361 earthquake (e.g. Paterson, 1996). The HHH would present a substantially higher risk than 362 both of these highways and thus would most likely be the worst-affected highway on the 363 network following an Alpine Fault earthquake. Given the length of road exposed to 364 landsliding along the HHH, it is likely that similar levels of restoration would be required for 365 the HHH post-earthquake as for the whole of the current network. In order to significantly 366 reduce the exposure of the proposed routes, substantial engineering techniques such as 367 tunnelling would need to be undertaken during the initial road construction. Such methods 368 are likely to dramatically increase the initial construction costs of the HHH, which have 369 already been estimated at up to NZ$1 billion, and thus may not be viable. 370
Acceptable risk in terms of life-safety has not been estimated herein as absolute hazard has 371 not been calculated. Nevertheless, consideration should be given to the potential risk to 372 future road users, as well as to construction workers should an earthquake occur during 373 construction. Any person in the vicinity of the HHH during an Alpine Fault earthquake would 374 likely be the most exposed to landsliding of anyone on the South Island State Highway 375 network. Given the suggested popularity of the road, development of further infrastructure 376 along the HHH, particularly petrol stations, look-outs/viewing points, picnic facilities etc., is 377 also likely, placing the facilities and their users at risk. 378
Other hazards 379
Although the Alpine Fault is the major tectonic feature and the source of the main seismic 380 hazard in the South Island (Stirling et al., 2012) , other faults are known to exist in its vicinity 381 (GNS Active Faults database; http://data.gns.cri.nz/af/; Fig. 1 
of Barth et al., 2013) and 382
there are a number of faults in the area with unknown seismic hazard. Of particular note is 383 the Puysegur subduction zone whose northernmost extent is directly offshore from the 384 proposed HHH (Barnes et al., 2005) . The Puysegur subduction zone is thought to be the 385 source of the 1826 CE Fiordland earthquake which generated a tsunami at Okarito (>200 km 386 smaller new bridges and upgrades to existing bridges, particularly across the Arawhata River 407 (Fig. 1) . In an Alpine Fault earthquake these bridges would be exposed to MM 8-9 shaking 408 (Fig. 2) and would be unlikely to survive unless specifically designed and constructed to 409 withstand such shaking. Lateral spreading of bridge abutments is also likely, as was 410 
Implications for infrastructure exposure modelling 426
The method described herein has been shown to be able to assess the exposure of 427 infrastructure links from coseismic landslide hazard assessments for scenario earthquakes. 428
This may allow greater understanding of the risk posed from future anticipated earthquakes 429 in regions where current understanding has previously been limited. The method is 430 applicable to both current and planned infrastructure links, and can therefore be used to plan 431 post-event emergency response options as well as inform route planning/selection. It may 432 also allow the identification of critical network segments where mitigation measures can be 433 focussed in order to increase resilience and reduce losses. Herein, this method has been 434 applied on a deterministic basis, however its reliance on only an underlying coseismic 435 landslide hazard model may allow for probabilistic risk assessment to be undertaken 436 assuming a probabilistic landslide hazard model is available or can be developed.
437
This work has also demonstrated the usefulness of first-order exposure analyses for hazard 438 and risk analysis and subsequent planning when presented with a lack of empirical data. 439
Despite a lack of data, such approaches can allow initial hazard assessments (including in 440 rapid post-earthquake responses) to which more focussed and detailed studies can 441 subsequently add. The results herein have shown that the HHH is substantially exposed to 442 an M8 Alpine Fault earthquake; however other seismic scenarios are possible for the Alpine 443
Fault and earthquakes on other faults are also likely (see above). This analysis has therefore 444 highlighted the need for further study into the exposure of the HHH to all seismic threats and 445 it is suggested that future work investigate the exposure both to alternative shaking 446 scenarios as well as on a probabilistic basis using the National Probabilistic Seismic Hazard 447
model of Stirling et al. (2012)
. Undertaking assessments such as that presented herein for 448 regions where empirical data is limited or lacking entirely is likely to yield similar benefits with 449 regards to hazard and risk assessments and disaster risk reduction/management. 450
Modelling limitations 451
The modelling approach undertaken in this study has assumed that landslide runout occurs 452 in the steepest downhill direction. In some instances however, landslides can have complex Consideration should also be given to the fact that not all landslides occurring within the 1 464 km limit will affect the road. Small volume landslides in particular will likely have runout paths 465 <<1 km and thus if they were to occur several hundred metres from the road, may not affect 466 it. Since we have used the same methodology for all South Island highways however, the 467 exposure of the HHH relative to these remains valid. that occurs (i.e. control the value above which landsliding is more likely) rather than the 499 spatial distribution of hazard, which is instead controlled by shaking intensity and 500 topography. Nonetheless, if information on the effect of geology in a study region is known, 501 particularly with respect to the type of landslide and potential volume, this can be included 502 both in the underlying coseismic landslide hazard model and in the selection of maximum 503 runout distance during exposure modelling. Such data therefore has the potential to provide 504 a more detailed and robust exposure analysis. 505
Lastly, it should be highlighted that the approach herein has focussed on the use of MM This study has demonstrated a method for evaluating the exposure of planned transport 522 links such as this to coseismic landsliding in earthquake scenarios for the purposes of 523 informing decision-making. The method involves estimating the mean hazard values in close 524 proximity to a proposed transport link from an underlying regional coseismic hazard map. 525
The results for the HHH suggest that this route would have high exposure values, with 526
particularly large values (>0.75) along 20-25% of the route. This road would be the most 527 exposed link in the South Island State Highway network, and would increase the length of 528 highly exposed road by 50-75% despite only increasing the total network length by 3%. As 529 well as landsliding, the HHH would be exposed to surface rupture, ground shaking, lateral 530 spreading, debris flow, and long-term river aggradation and flooding hazards. While financial 531 exposure calculations have not been undertaken, given the high exposure values and length 532 of road exposed, it is likely that repair costs for the HHH following an Alpine Fault 533 earthquake would be substantial, potentially matching initial construction costs. The results 534 herein demonstrate that vital information on hazard exposure of planned transport links can 535 be developed, and should be derived from earthquake scenarios and landslide hazard maps. 536
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